We employed very long nanowires mixed into nanoparticle thin films to improve their weak crack resistance for flexible electronics. We also measured the dependence of the failure strain and resistivity of the Ag nanowire-reinforced Ag nanoparticle thin films on the wt% and sintering condition of nanowires by means of resistance measurements under tension in an in situ tensile tester. Very long nanowires of over 90 µm suppressed thin film cracking by bridging cracks in both the transverse and longitudinal directions and also reduced the electrical resistivity under tension. Moreover, diffusion and growth of nanowires induced by the thermal annealing process was observed, resulting in a highly increased failure strain. Due to the use of the same materials, effective diffusion was facilitated, thus inducing strong bonds between nanoparticles and nanowires.
Introduction
Printed electronics using solution-based metal nanoparticle (NP) ink as their main material have come under the spotlight. These solution-based printed electronics enable a fast, continuous process on a large area, unlike conventional silicon-based electronics, which are batch-type. In particular, the advantages of flexible substrates encourage their use in light and portable devices, such as flexible displays [1] , electrical skins [2] and bendable solar cells [3] . In addition, printed electronics can be processed at low temperature, due to the lower melting point [4] of metal NPs compared to that of bulk size material. Therefore, many printing methods to maximize these advantages have been suggested, such as inkjet printing [5] , gravure/flexography printing [6] , screen printing [7] and nanoimprinting [8] .
However, the development of printed electronics is limited by mechanical failures of the NP thin films in the form of cracking and delamination under harsh in-service 3 These authors equally contributed to this work. 4 Current address: Department of Mechanical and Aerospace Engineering, Seoul National University, Gwanak-ro 1, Gwanak-gu, Seoul, 151-744, Korea. operation, such as bending, stretching and twisting. NP thin films are vulnerable to mechanical loading because they have many voids and micro-cracks that can induce crack initiation [9] . During the metal patterning process, cracks are generated from various stresses induced by thermal energy, the capillary pressure in solvents, the particle packing configuration and many other factors. Many studies to avoid cracking of sintered films during the film developing process have been reported: (1) utilizing silver nanoparticle (Ag NP)/carbon nanotube (CNT) [10, 11] or graphene hybrid film structures [12] , (2) tailoring the residual stress [13] , and (3) controlling the annealing process [10, 14] . Although previous studies suggest their use can produce thin films with better performance and reduced cracking, CNTs, which have typical lengths of around 10 µm, are too short to help prevent cracks resulting from a severe mechanical environment. Longer CNTs of 2 mm have been reported [15] , which do enable a bridging effect; however the advantage of microscopic coherence using a same-material composite (e.g. Ag NWs on Ag NPs) does not exist and a greater number of cracks are induced due the dissimilar materials (Ag and CNTs). Graphene also has the same problem, because relatively weak van der Waals forces exist between the metal and graphene [12] . Methods to regulate the residual stress and adjust the annealing processes of thin films are not fundamental methods, because they are insufficient under actual loading.
In order to strengthen the mechanical and electrical properties of Ag NP thin films, we reinforced the film (figure 1(c)) with very long Ag nanowires (Ag NWs, average length ∼95.1 µm, which is about ten times longer than the CNT as shown in figure 1(d) ), thus making a Ag nanocomposite thin film ( figure 1(e) ). Unlike typical Ag NWs, which are limited to 20 µm, these long NWs were fabricated using a newly developed successive multistep growth (SMG) method [1, 16] . The resulting nanowires can withstand large film elongation by introducing transverse and longitudinal bridging mechanisms. Also, we have adopted both silver nanowires and NPs, which are widely used as electrodes and interconnects for various electronic devices because of their excellent electrical conductivity and stability against oxygen. By using the same materials, diffusion can occur between the materials during the annealing process, forming metallic and chemical bonding, so the delamination problems common to composite materials were avoided. As a result, thicker nanowires were obtained, which were able to maintain the mechanical properties of the thin films even under tensile stress. In addition, remarkable phenomena such as necking, stitching, and strong bonding with the NWs were observed. Consequently, Ag NP thin films reinforced with fabricated silver nanowires exhibit better reliability for flexible electronics applications.
In this study, we describe a method to reduce the severe cracking and improve the film performance in Ag NP thin films by employing very long Ag NWs on a flexible substrate. We proved the enhancement by measuring the variation of resistance under tension and by observing the strengthening mechanisms using an in situ tensile tester. Also, thicker nanowires were formed after the annealing process through diffusion between Ag NPs and Ag NWs, since they are the same materials, and this enhanced the failure strain of the Ag NW thin film remarkably, by more than 171%, compared to the pure Ag NP thin film.
Experiment
Commercial Ag NPs were dispersed in methyl alcohol and mixed with synthesized Ag NWs of 150 nm diameter and over 90 µm length. The metal content of the silver ink was 35 wt%. The NPs in silver ink (DGP 40LT-15C, Advanced Nano Products, Korea) have a spherical shape with a 20-50 nm diameter. Ag NWs were synthesized via a modified successive multistep growth method and the typical process is as follows [1, 16] . 5 ml of ethylene glycol was heated in an oil bath at 152 • C for 1 h. 1.5 ml of 147 mM PVP solution and 1.5 ml of 94 mM AgNO 3 solution were added sequentially. The reaction was maintained for 1 h and then the final gray solution and product were washed several times with acetone and ethanol ready for further experiments. Dispersion between hybrid heterogeneous material structures, such as metal NP/CNT and metal NW/polymer, is commonly recognized as one of the challenging problems in this process. However, our Ag NW-reinforced Ag NP film exhibits an evenly scattered dispersion because of the use of the same material, and simple surface functionalization of Ag NWs and Ag NPs. Furthermore, customized functionalization enables a uniform dispersion regardless of the solvent type, whether organic or inorganic. We used 11-Mercaptoundecanoic Acid(11-MUA) thiol material for the surface functionalization of nanowires and mixed 1 or 3 wt% Ag NWs in a Ag NP ink. To change the solubility of nanowires, their PVP capping layers were replaced with various thiols through simple mixing of the solution, resulting in good solubility in organic solutions such as toluene, chloroform and hexane [20] . From the process, PVP capped silver nanowires have good dispersion properties with not only alcohol and water, but also with organic solutions. Also, problems caused by the combination of composite materials can be prevented by using the same materials. This is superior to other methods such as sonication [17] , ball milling [18] and chemical etching [19] because no damage to the specimen is observed and it is easier to process. The micro-structures of Ag NPs and NWs are shown in figures 1(c)-(e) and the large scale SEM images are shown in figure S1 of the supplementary information file (available at stacks.iop.org/Nano/24/415704/mmedia). Ag NWs were mixed with alcohol-soluble Ag NP ink to ensure the compatibility of the Ag NWs with various substrates, then the prepared ink was spin-coated onto PI film. To obtain an optimal sintering condition for the spin-coated thin films, an exploration of the effect of sintering was conducted and the condition was fixed at 150 • C for 30 min.
In order to investigate the failure strain property of Ag NW-reinforced Ag NP thin film, tensile testing with in situ electrical resistance measurements was conducted. A high-precision micromechanical test system (Delaminator Adhesion Test System; DTS Company, Menlo Park, CA, USA) and a Keithley 2000 multimeter using the four-wire method were used for mechanical and electrical measurements, respectively. A rectangular specimen was pulled at a constant displacement rate of 5 µm s −1 while its resistance was monitored. From the test, load-displacement and resistance-time relationships were obtained and converted to a strain-resistance curve. Figure 1(a) shows photographs of the micromechanical test system and the specimen under tension with grips, and figure 1(b) depicts specific schematics of the specimen. The specimen fabrication was conducted by cutting a rectangle of 3.0 mm width by 28 mm length using a cutting plotter (Graphtec FC8000) after the NP-based silver ink with NWs (nanowire diameter is 150 nm and length is 90 µm) was spin-coated on a Polyimide (PI) substrate at 5000 rpm for 30 s. Then, the specimen was sintered in a convection oven at 150 • C for 30 min to remove the solvent. Figures 1(c) -(e) present SEM images of the NPs, NWs and composite material surfaces, respectively. The results show that the resistivity decreases with increasing nanowire wt%. This is related to the electron transport in NPs and NWs. Considering the same distance traveled for electrons in NPs and NWs, electron movements through NP conductors are scattered by multiple boundaries between the NPs, while electrons in NWs are not affected by such a restriction, resulting in faster electron mobility. The schematic explanation of the electron transport is depicted in the inset of figure 2(a). Also, these results prove that NWs are easily compatible with NPs when mixing two different-shaped materials with the same material.
Results and discussion
Figure 2(b) shows the resistance-elongation curves of Ag NW-reinforced NP thin films, prepared by the sintering process at 150 • C for 30 min. A relative comparison of these different NW wt% specimens is possible if we look at the absolute increase of resistance caused by tension. The clear effect of the NW can be seen by observing the variation of resistivity under tension in figure 2(b) . Generally, metal NP ink, which has a resistivity from 10 to 100 µ cm, is available for printed electronics [21] [22] [23] . As figure 2(b) shows, under tension the resistivity of the Ag thin film increased by more than 10 times, from 25 to 250 µ cm approximately, whereas the increase in resistivity of the NW 1 wt% mixture is from 16 to 120 µ cm. This enhancement indicates that NW-reinforced Ag NP thin films are very stable even with small increments of 1 wt% NW, when compared with the Ag NP thin film. In addition, for 3 wt% NWs, the rate of resistance increase decreased more, from 12 to 80 µ cm, compared with the resistivity of the 1 wt% NW mixture. Analysis of these results indicates that the 3 wt% NW-reinforced NP thin films maintained their characteristics even after 50% elongation, and they can be reliably used in printed electronics because an 80 µ cm resistivity still occupies the range of usable NP thin films. The reason for the relative decrease of resistivity is that the very long NWs electrically bridge gaps even if there are cracks.
Therefore, we employed an in situ tensile tester to examine the role of the very long NWs and study the precise crack propagation mechanism. It is difficult to capture a surface image of the specimen under tensile stress without the substrate effect because of the characteristic elasticity force of a polymer supported metal thin film. However, by using the in situ tensile tester, which could be used in SEM Figure 3 . In situ SEM images of tensile tested silver nanoparticle thin films at various elongations with and without nanowires.
equipment with loaded specimens, we found an unclosed crack phenomenon. Figure 3 shows Ag NW-reinforced NP thin films, which demonstrate significant differences in preventing crack propagation, depending on the elongation rate. The effect of the nanowires is evident even at 0% elongation. Myriad small cracks, produced by residual stress during the sintering process, exist in the NP thin film and can initiate cracks and cause crack propagation upon mechanical loading. However, these cracks caused by residual stress were suppressed when NWs reinforced the NP thin film [10] . In the NP thin film, after 20% elongation, myriad small cracks which existed became big enough to cause a loss of electrical and mechanical properties, but the Ag NW-reinforced NP thin film had only a few cracks, whose progress was disturbed due to the nanowires. At 40% elongation of the NP thin film, more prominent differences appear depending on the presence or absence of NWs. The large cracks which developed in NP thin films from myriad small cracks are enough to impact the characteristics of the Ag NP thin film, while the NW-reinforced NP thin films persist, even at the severe condition of 40% elongation. The NWs hinder crack propagation, and even between the cracks the NWs maintain conducting bridges with a necking phenomenon. The comparison of SEM images at 40% elongation in figure 2(b) clearly manifests why the NP thin films with mixed NWs are more reliable against a variation in resistivity.
The possible mechanism for the resistivity variation, namely the bridging of NWs in transverse and longitudinal directions, is shown in figure 4 . The bridging mechanism of fiber-reinforced material has been known through a variety of studies and is found in diverse fields. Not only industrial composite materials, but also biomaterials such as elk antler bone [24] , have been studied, and bridging models of crack deflection, twisting and uncracked ligament bridging have been suggested. Those studies have proposed that the representative mechanisms of fiber-reinforced material are deflection, bridging, pull-out and fracture. Our study also observed similar features, such as bridging, deflection and fracture. The most remarkable observation among the phenomena was crack bridging at large elongation, even at over 50%, from the transverse nanowires. The reinforcing effect is believed to be a result of necking of the nanowires due to the ductile properties of silver, which the crack cannot easily break.
The stopping of crack propagation is related to the capacity of obstacles to dissipate energy. If an obstacles' dissipation energy is equivalent to that of the crack progression, then crack propagation will be stopped; otherwise the crack will continue. Here, the NWs in this study were enough to dissipate the energy of crack propagation by acting as obstacles in the Ag NP thin films.
The bridging mechanism of longitudinal NWs should also be noted in this study. In the case of longitudinal NWs, it is observed that the NWs connect the cracks as if they are sewing back and forth between the cracks. These phenomena are attributed to the flexible and ductile characteristics of the Ag NWs and strong bonding between the NWs and NPs. In particular, this strong bonding was achieved by using the same materials. The mechanism exhibited by the longitudinal NWs that we show here has not been reported so far, to our best knowledge. This is likely because of the great difficulty in making nano-materials of lengths of at least tens of µm. We successfully synthesized, with multiple growth times, very long NWs through the SMG process [1, 16] and consequently observed a mechanism unseen until now.
We also conducted thermal annealing treatment to increase the benefits of the Ag NW-reinforced Ag NP thin films. Previous studies have reported that the resistivity of a metal NP thin film decreased after annealing treatment because the annealed NPs make close contact between each other and the grain of the NPs becomes larger. Figure 5(a) shows the resistivity variation of NP thin films annealed at 150, 200 and 230 • C for 3 h. It confirms that Ag NW-reinforced Ag NP thin films had lower resistivity than the Ag NP thin film. With increasing temperature, the resistivity decreased from 21.32 to 16.56 µ cm for Ag NP thin film without NWs, and the resistivity of the Ag NP thin film with 1 wt% NWs showed a similar tendency to the Ag NP thin film. However, the resistivity of Ag NP thin film with 3 wt% NWs had a large standard deviation compared to other samples, and seems to display an almost constant resistivity value. It is assumed that there is already close contact between NPs in the 3 wt% NW specimen in the initial stage, due to the reduction of cracks by NWs, resulting in no significant decline with thermal annealing treatment.
For the NP thin film, enhanced electrical properties are obtained by making the porous film dense by thermal annealing. However, from the perspective of the failure strain, the Ag NP thin film becomes unfavorable after thermal annealing treatment. To evaluate the mechanical and electrical reliability of Ag NP thin films after the thermal annealing process, we applied the failure strain concept. There are other methods to characterize the mechanical properties of polymer supported metal or NP thin films, such as a subtract method and resistance measurement using bending. We considered those methods initially, but there are limitations in applying them to our study. The subtract method can measure the stress versus strain curve and Young's modulus by subtracting the substrate load from the composite load and dividing by the area [25] . When we tried this method, we realized that the results from this method depend largely on the substrate condition. Also, resistance measurements using bending can have large error depending on the experimental setup. Therefore, we adopted tensile loading because we can measure the exact strain rate directly without distortion. For a polymer supported metal thin film, it is hard to decide when the fracture of the thin film has occurred, because the fracture is not visible as in a freestanding metal film. Therefore, to examine the failure strain of a polymer supported metal thin film, Lu et al [26] proposed a theoretical equation where the normalized resistance R/R 0 is equal to the square of the normalized length L/L 0 and proved that the prediction is followed by the behavior of a metal thin film up to a large elongation [26] [27] [28] . In this equation, R is the resistance of the metal film and L is the stretched length. Also, R 0 and L 0 are the corresponding initial values. Generally, this equation is applied to a metal thin film deposited by sputtering and thermal or E-beam evaporation [29] , but we adopted this method to evaluate the metal NP thin film. According to this theory, failure strain is determined at the point at which the experimental resistance curve is off by more than 5% from the theoretical curve. From figure 5(b), three specimens mixed with different wt% NWs and annealed at 230 • C for 3 h experience failure strain at 6.18, 10.93 and 18.86% respectively. The resistance curves under increasing tension were obtained by using an in situ resistance measurement and we obtained the failure strain of Ag NW-reinforced NP thin films after normalization of the resistance and displacement. We applied this method to specimens mixed with various NW compositions (0, 1 and 3 wt%) and annealed at various temperatures (150, 200 and 230 • C) for 3 h, and plot the results in figure 5(c) . The failure strain of Ag NP thin film without NWs is decreased after thermal annealing, as shown in figure 5 (c), due to pore growth induced by the thermal annealing. Higher porosity activates the enhancement of crack initiation, which can reduce the resistance of thin films to tensile loading. As a result, the larger pore size after the thermal annealing process acts to degrade the reliability of the Ag NP film, which decreases the failure strain [30] [31] [32] . However, the failure strain was improved with the addition of NWs, because NWs in the Ag NP thin film suppress the initiation and propagation of cracks, as shown in the 40% elongation of figure 3. For the NP thin film with 1 wt% NWs, the failure strain was almost maintained without reduction, even after the higher temperature annealing process. It is Figure 5 . Thermal annealing effects according to the content of nanowires on (a) the resistivity variation as a function of temperature, (b) the resistance curve of Ag nanoparticle thin films annealed at 230
• C for 3 h and (c) the failure strain.
thought that 1 wt% NWs neutralized the tendency towards decreasing failure strain after annealing. The effect of 3 wt% NWs is more obvious, making the thin film uniform and crack free. Thus, the NW-reinforced Ag NP thin films have enhanced failure strain properties. In addition, a possible mechanism for the increase of failure strain by thermal annealing is as follows. Most studies associated with annealing focus on the enhancement of the mechanical [14, 33, 34] and electrical [35, 36] properties of NP thin films as being an effect of a larger grain size and intimate contact between NPs. However, our trial with solid state diffusion shows an improved result, exceeding the enhancement achieved by those studies. Figure 6 (a) presents the interaction of NWs and NPs after a sintering process at only 150 • C for 30 min, without a further annealing process. Weak physical bonding was observed and the diameter of the NWs was maintained at 150 nm. However, figure 6(b) shows strong bonds between NPs and NWs, which enable a diffusion reaction. Under the annealing process, the diffusion and growth of nanowires occurred, showing strong chemical bonding between the NWs and NPs. Also, the shape of NPs that adhered to the NWs changed to a hemisphere, unlike the spherical shape in figure 6(a) . From this reaction, thicker nanowires were made, as shown in figure 6(c) , and an increase in failure strain was observed. The average diameter of Ag NWs in our experiment increased from an initial value of 150 nm to 200-400 nm after annealing. Also, thicker NWs were produced with the higher temperature annealing, as shown in figure S2 (available at stacks.iop.org/Nano/24/ 415704/mmedia). At 150 • C, 200 nm diameter nanowires were observed, increasing to 250 nm and 400 nm at 200 and 230 • C, respectively. The surface roughness of NWs can vary according to the absorption rate of NPs. We can see that in the case of figure 6(c), the absorption of NPs went very well; while we observe a rougher surface in figure S3 (available at stacks.iop.org/Nano/24/415704/mmedia). Also, the NPs in figures 6(c) and S3 (available at stacks.iop.org/Nano/24/ 415704/mmedia) are strongly adhered to NWs and we can observe a faded stripe pattern on the NWs in figure 6(c) . The stripe pattern indicates that NPs adhered on the NW surface fused with the NW through the annealing process, thus increasing its thickness. This particular stripe pattern is more evident in figure S3 (available at stacks.iop.org/Nano/ 24/415704/mmedia). To further explain, surface atoms of NWs oscillate under heat treatment, creating spaces for more NPs to be inserted among the already-adhered atoms. This process leads to thickening of the NWs. Since the growth of the NWs' initial diameter (150 nm) is restricted by PVP in the initial fabricating process, the 200-400 nm Ag NWs diameters we observed must be a result of the NP diffusion into the Ag NWs after annealing. During the annealing process, NPs adhered to NWs very strongly, thereby thickening the NWs and increasing their fracture resistance. In the work by Park et al [37] , thicker NWs showed a better reinforcing effect with a higher tensile modulus than thinner NWs in the Ni NW/epoxy composite thin films under a conventional tensile test. Therefore, we conclude that the thick NWs formed after the thermal annealing process enhanced the failure strain of Ag NP thin films.
In conclusion, we demonstrated the increased failure strain and decreased electrical resistivity of very long NWreinforced Ag NP thin films resulting from the enhancement of the crack resistance due to NW bridging. The very long NWs enabled bridging in the longitudinal direction between cracks as well as bridging in the transverse direction, even at large elongation. Moreover, we observed the annealing induced diffusion and growth phenomenon of NWs, which is not observed when heterogeneous materials are used for the composite. Also, by using same Ag material, thicker NWs were obtained after the thermal annealing process, thus greatly increasing the failure strain. We believe that this work contributes to the understanding of the mechanical and thermal behavior of NW-reinforced NP thin films and can provide a solution for enhancing the performance of vulnerable NP thin films under harsh mechanical environments by adding a small amount of NWs.
